Introduction
Although scintillation counters have been supplanted to a large extent by semi-conductor detectors, they still have important applications which derive from their greater variety in size, shape and constitution, and the essentially noise-free amplification of the photomultiplier. Furthermore, compared to semiconductors they are less easily damaged and, at present, are less expensive. In time measurements, the noise-free character of the amplifier more than compensates for the smaller number of charge carriers produced, and results in superior time resolution for y rays and ! particles below a few MeV. This paper considers the basic limitation on time resolution imposed by the characteristics of scintillator and photomultiplier. Much effort has been expended in the last 20 years to understand how the scintillator and photomultiplier affect the time resolution. Such information serves to guide the experimenter in the choice of scintillator and photomultiplier and in achieving optimum operating conditions. In addition, it helps him to know when he has approached the theoretical limit of time resolution.
Theory
In 1950 Post and Schiff first discussed the limitations on resolving time that arise from the statistics of photon detection. They assumed that following excitation of the scintillator by an energetic event, the photomultiplier amplifies the primary photo-electrons without time spread, and that the resulting output pulses are fed into a discriminator that detects when a definite number of pulses say n, have accumulated. From Poisson statistics, they showed that the probability that the nth pulse occurs between t and t + dt is P (t)dt = e-RF(t)[RF(t)1 RF'(t)dt n (n-1)( where RF(t) is the average number of photoelectrons detected in the interval between 0 and t, following the exciting event at t = 0, F'(t) = dF/dt, and RF(co) -R, the average number of photoelectrons detected per event. Although they assumed that there was no transit time spread in the photomultiplier, to include this factor requires only that F'(t) be redefined so the photomultiplier transit time spread, P(t), is folded in with the photocathode illumination function 1(t), i. e. (2) where I(t) is the probability density function, PDF, of arrival times of photons at the photocathode produced by an event at t = 0, and P(t) is the PDF of the time of detecting single electrons when an instantaneous flash of light weakly illuminates the cathode at t = 0, i. e. , for I(t) = 6(t).
More elaborate calculations by Gatti and Svelto,2
Hyman3 and others4 included the single electron response of the anode current, its variance in width, and the statistical variance in gain. When realistic assumptions were made concerning the transit time spread, all calculations indicated that there was a specific fraction, n/R, of the total pulse height which gave the best time resolution. This fraction varied from <0. 01 for NaI(Tl) to 0. 3 for a fast organic scintillator. In agreement, experiment also demonstrated that there was an optimum fraction. However, attempts to make theoretical predictions fit experiment have been impeded by the lack of accurate information concerning the scintillator illumination function, I(t), the average number of photoelectrons per flash, R, and the function, P(t), which describes the overall photomultiplier discriminator response.
Application
An example of the accuracy with which the performance of a scintillation counter can be predicted from the measured light intensity curve F (t) was given in a paper on pulse shape discriminalTon. 5
The left side of Fig. 1 F'(t) = P (t) * I (t) the nth electron arrives between t and t + td is Among the solutes to which this solubilization technique has been applied, the p-oligophenylene series is particularly promising. 14 It has been shown that the decay time varies inversely with the number of phenyl rings in the molecule. In addition, the light output has been shown to be larger for the longer molecules. ,-
